
~AETICIPATIOM OF SULJ?lF. COMPOUNDS IN 

,VINYL AM) -WIAI’ED POLYMERIZtZTION 

bY 

Prernamoy Ghosh* 

Department of Chemistry, Rensselaer Polytechnic I n s t i t u t e ,  Troy, M. P. 

A wide v a r i e t y  of s u l f u r  compounds i s  known t o  p a r t i c i p a t e  i n  

v i n y l  and r e l a t e d  polymerization. 

or  a s  a p a r t  of an i n i t i a t o r  system, some as  modif iers ,  chain-terminat- 

Some of them funct ion  as i n i t i a t o r s  

i n g  agents or  i n h i b i t o r s ,  and some as monomers or comonomers or  a s  

a c t i v e  so lvents  i n  the  polymerization process.  
apticke 

present  pq+er i s  t o  review the area of v i n y l  and r e l a t e d  polymeriza- 
t 

t i o n  involving sulfur-bear ing i n i  t f a t o r  systems, modif iers  o r  chain- 1 , 

The objec t  of the 

\ 
I 

1 
t r a n s f e r  agents and so lvents  i n  general ,  pu t t ing  emphasis on recent  

r e p o r t s  i n  t h i s  f i e l d  i n  p a r t i c u l a r .  

t i o n  and copolymerization of a hos t  of sulfur-bear ing monomers i s  be- 

yond the scope of the present  review, excepting, of course, f o r  some , 

s p e c i a l  cases of p a r t i c u l a r  i n t e r e s t  and p e c u l i a r i t y .  

Descr ipt ion of the polymeriza- I 

t 

I 

I 

Peroxy Compounds 

Peroxy-disulfate o r  p e r s u l f a t e  i on ,g20 ;  is, one of the w i d e l y ’  

used i n i t i a t o r s  i n  aqueous emulsion polymerizarion. It decomposes Z09 WYOA APl113V3 

uaimolecularly1a2 i n  aqueous media producing two s u l f a t e  i o n  r a d i c a l s  

~ 6 ; .  The radical-forming r e a c t i o n  a r i s e s  from the s i m p l e  homolyti 

* On leave of absence from the  Department of Applied Chemistry, 
Calcu t ta  Universi ty .  
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2, 

cleavage of the  peroxy bond: 

The s u l f a t e  i o n  r a d i c a l s  formed are e f f i c i e n t  i m i t i a t o r s  of polymeriza- 

t i o n .  When S '-labeled 

merizat ion of s tyrene ,  e s s e n t i a l l y  a l l  the  p e r s u l f a t e  decomposed 

p e r s u l f a t e  was used3y4 i n  the  emulsion poly- 

appeared i n  t h e  polymer a s  s u l f a t e  end-groups. 

organic  subs t r a t e ,  the  s u l f a t e  i o n  r a d i c a l s  i n  aqueous so lu t ion  a r e  

bel ieved t o  r e a c t  f u r t h e r  a s  follows: 

I n  t h e  absence of an 

S6; + H20 -f HSOT + 6H; 2 6 H  -+ H20 + %02 

Recent reports '  based on end-group ana lys i s  of aqueous p e r s u l f a t e  

i n i t i a t e d  poly (methyl methacrylate) and polystyrene i n d i c a t e  t h a t  

both s u l f a t e  i o n  r a d i c a l s  and hydroxyl r a d i c a l s  take  p a r t  i n  t h e  i n i t i -  

a t i o n  process  during polymerization i n  n e u t r a l  media, and t h a t  t h e  

s u l f a t e  i o n  r a d i c a l s  are the prefer red  i n i t i a t i n g  r a d i c a l s i n  a l k a l i n e  

condi t ions,  while  i n i t i a t i o n  i s  almost exc lus ive ly  by OH r a d i c a l s  i n  

s t rongly  a c i d i c  media. It appears t h a t  i n  a c i d i c  condi t ions,  the 

an ionic  s u l f a t e  r a d i c a l s  r ap id ly  r e a c t  w i th  the protonated w a t e r  mole- 

cules t o  from hydroxyl r a d i c a l s :  

SenGup t a  and P a l i  t6 s tudied  the  persu l f  a t e - i n i  t i a t e d  polymeriza- 

t i o n  of methyl methacrylate  i n  e thylene g lycol  s o l u t i o n  and observed 



3 ,  

t h a t  i n  t h i s  system a t  8Ooc, the  r a t e  of polymerization (and a l s o  the 

degree 'of polymerization) 

ox ide - in i t i a t ed  system under s imi l a r  condi t ions.  Okamura and Motom- 

yama7, however, d id  not r e p o r t  such g r e a t  d i f f e rences  i n  the  r a t e  and 

degree of polymerization of methyl methacrylate  and v i n y l  a c e t a t e  i n  a 

homogeneous system (using a dioxane-water o r  a)atic acid-water mixture 

as solvent)  using separa te ly  b-anzoyl peroxide,  azobis i sobutyroni t r ike  

and ammonium p e r s u l f a t e  as the  i n i t i a t o r .  

ed lower values  of k / k  * (wher k and k are the  rate constants  of 

terminat ion and propagation respec t ive ly)  i n  the  p e r s u l f a t e - i n i t i a t e d  

polymerization of a e r y l o n i t r i & e  i n  dimethyl su l foxide  so lu t ion  as com- 

pared t o  t h a t  i n  azobisisobutyronitriee-initiated polymerization i n  

the same solvent .  

least i n  p a r t ,  i n  terms of a reduced rate of terminat ion i n  the persu l -  

f a t e - i n i t i a t e d  systems. This i s  due t o  mutual r epu l s ion  of the  growing 

chains  caused by t h e  presence of negat ively charged end groups i n  them 

a r i s i n g  from i n i t i a t i o n  by s u l f a t e  i o n  r a d i c a l s .  

While s tudying the  p e r s u l f a t e - i n i t i a t e d  polymerization of acry- 

w a s  much higher  than t h a t  i n  a benzoyl per'- 

ce 

Kiuchi and Watanabe' observ- 

t P  $t P 

These observations6-8 have been in t e rp re t ed ,  a t  

l o n i t r i l e  i n  dimethyl su l foxide  Solut ion,  

rate of p o l p e r i z a t i o n  w a s  d i r e c t l y  proportionad t o  the  cancent ra t ion  

of the solvent .  This  w a s  explained by consider ing t h e  following reac- 

t i o n  between the  p e r s u l f a t e  i o n  and the  sulfoxide molecule: 

Kitagawa' observed t h a t  the 

szo; + 3 
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Sulfony 1 peroxides have a l s o  been reported'' t o  decompose i n t o  

r a d i c a l s  a t  low temperatures.  Bis-phenyl su l fony l  peroxide prepared 

from benzene su l fony l  ch lo r ide  and sodium peroxide (8-10% y i e l d )  has 

been reported'' t o  polymerize methyl methacrylate  e a s i l y  a t  25Oc while  

benzoyl peroxide f a i l s  t o  give any polymer under s imi l a r  condi t ions .  

The su l fony l  Peroxide, C6H5S02~O-O-S02C6H5 , d e c o m p o s e s  i n t o  r a d i c a l s  

by s c i s s i o n  of the  0-0 bond and i n  benzene s o l u t i o n  i n  the  absence of 

Diazothioether  and su l fony l  az ide  compounds 

Diazothioethers  (R-N=N-S-R' 1 a r e  known12 t o  be u s e f u l  i n i t i a t o r s  

and modi f ie rs  i n  emulsion polymerization. During t h e i r  thermal decom- 

pos i t i on ,  an a c t i v e  aromatic  r a d i c a l  R" and a l e s s  a c t i v e  mercapto 

r a d i c a l  R'S* a r e  generated simultaneously: 

13 The a c t i v i t y  of the  d iazoth ioe thers  a s  i n i t i a t o r s  and r e t a r d e r s  depends 

on the  s u b s t i t u e n t s  R and R ' .  

Another group of i n t e r e s t i n g  polymerization i n i t i a t o r s  i s  the  

su l fony l  az ides .  The use of benzene su l fony l  az ide  c ~ H ~ - . s ~ ~ - N ~  i n  

r a d i c a l  r eac t ions  i s  known ( r ad ica l s  being generated by the  uninmole- 

cu la r  decomposition of the  su l fony l  az ide  molecules) and the  i n i t i a t i o n  

of polymerization of methyl a c r y l a t e  and a c r y l o n i t r i l e  i n  presence of 



5. 

t h i s  compound has been repor ted  . I4  

i s  produced along wi th  n i t rogen  during the  decomposition of benzene 

su l fony l  az ide .  

The benzene sulfonimido d i r a d i c a l  

Inves t iga t ions  on t h e  decomposition of a number of p-subs t i tu ted  a r y l  

su l fony l  az ides  and polymerizat ion of some v i n y l  monomers i n i t i a t e d  by 

these az ides  i n  the  temperature range of 11O-13O0c have r ecen t ly  been 

repor ted  l5 , I6 .  The su l fony l  az ides  e a s i l y  i n i t i a t e  polymerization of 

a c r y l o n i t r i b ,  s tyrene  and methyl methacrylate  a t  3Ooc under u l t r a v i o l e t  

radiat ion15.  .In the  thermal polymerization of a e r y l o n i t r i l e ,  the ra te  

of polymerization has been shown15 t o  be propor t iona l  t o  the  0.5 power 

of t h e  i n i t i a l  concent ra t ion  of t he  a r y l  su l fonyl  az ides .  The o v e r a l l  

a c t i v a t i o n  energy f o r  the  decomposition of benzene su l fony l  az ide  has 

been reported16 t o  be 36.4 koallmole.  

Organic Sulfoxy Compounds 

Sul f&nic  a c i d s ,  RSO H, which a r e  organic  a c i d s  of t e t r a v a l e n t  2 

s u l f u r ,  are known f o r  t h e i r  tendency t o  decompose. The decomposition 

r eac t ions  may be w r i t t e n  as  follows: 

2 RS02H -+ RS03H + BSOH 
sulfonic sulf e n i c  

a c i d  a c i d  

BSOH + RS02H -t RS02SR + H 2 0  
t h i o  s u l f o n i c  

es te r  

ZRSOH + RSH f RSO2H 
T h i o l  

RSH 4- RSOH + €ks,s-.~ + ~~0 
P i s u l f  i d e  



6. 

17 
Hagger f i r s t  repor ted  t h e  use of s u l f b i c  ac ids  as exce l l en t  low-tem- 

pe ra tu re  i n i t i a t o r s  f o r  t h e  emulsion and bulk polymerization of e thy len ic  

and v i n y l  monomers. Polymerization of methyl methacrylate starts i n -  

s tantaneously wi th  no i n h i b i t i o n  per iod,  even i n  presence of normal sta- 

b i l i z e r s .  

ac ids  

er ,  r e spec t ive ly ,  during polymerization. OverSerger and Godfrey 

Hydroquinone enhances the  c a t a l y t i c  a c t i o n  of the s u l f r h i c  

while  quinone and oxygen a c t  as an  inhib&or 
17,18 

and a r e t a r d -  
19 

inves t iga t ed  the  su l f ikLc  ac id  - i n i t i a t e d  polymerization of methyl 

methacrylate d i l a tome t r i ca l ly  a t  30 C,  using spec ia l ly-pur i f ied  mater- 
0 

i a l s  and high-vacuum systems. They observed t h a t  t he  r eac t ion  order  

w i th  respec t  t o  the  i n i t i a t o r  concentrat ion was between 1 and 1.5 

in s t ead  of 0.5 as previously reported 

i a t i o n  w a s  between 2 and 3 .  p-Toluene s u l f a n i c  ac id ,  benzoyl peroxide 

17 
, showing t h a t  the  order  of i n i t -  

P-, 

and di-n-butylamine hydrochloride were repor ted  t o  acce le ra t e  polymeri- 

za t ion ,  but  t he  rate was unaffected i n  the  presence of Fe ion.  The 
3i 

rate of polymerization i n i t i a t e d  by benzene (or toluene) su l f&nic  ac id  

as observed by Overberger and Godfrey w e r e  much slower thah those re- 

ported by o the r  workers who found the  rates t o  be 0.5 order  i n  sulfihnic 

a c i d .  On t h e  b a s i s  of the2r  experiments, Overberger and Godfrey conclu- 

ded t h a t  t h e  k i n e t i c  discrepancies  i n  earlier r e p o r t s  (0.5 order  depen- 

dence of r a t e  on s u l f k r i c  ac id  concentration) could be explained by 

assuming the  presence of advent i t ious  impur i t ies  which were oxid iz ing  

o r  reducing agents  and which formed redox systems capable of i n i t i a t i n g  

polymerization a t  a r a t e  s u f f i c i e n t  t o  mask the  r a t e  of polymerization 
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due t o  s u 1 f b i . c  ac id  alone.  

polymerization on d i l u t i o n  wi th  benezene w a s  repor ted  

a c i d - i n i t i a t e d  polymerization of methyl methacrylate.  

I n t e r e s t i n g l y  an  increase  i n  r a t e  of 
19 

i n  the  s u l f h a i c  

This e f f e c t  was 

probably due t o  enhanced a s soc ia t ion  of the  sulf6ni.c ac id  molecules i n  

the benzene-di lu ted  system. 
20 

Later I r i n g  e t . a l .  a l s o  made d i l a tome t r i c  s t u d i e s  of s tyrene  

polymerization using p-toluene s u l f h i c  ac id  as the  i n i t i a t o r  a t  45- 

65OC. They found, however, a square-root dependence of rate on i n i t i -  

a t o r  concentrat ion.  When benzoyl peroxide w a s  a l s o  present  i n  the  

system, the  r a t e  was propor t iona l  t o  the  square r o o t  of t he  peroxide 

concentrat ion and the  r a t e  and degree of polymerization w e r e  unaffected 

by v a r i a t i o n  i n  the sulf i inic  ac id  concentrat ion.  

Ino to  and Ukida” reported an  acce le ra t ion  i n  the  rate of v i n y l  

b e e t a t e  polymerization us ing  the  mixed c a t a l y s t  system of azobis iso-  

b u t y r o n i t r i l e  and p-chloro benzene s u l f b i c  ac id ,  p a r t i c u l a r l y  when 

the  molar r a t i o  of the  s u l f h i c  ac id  t o  the a z o n i t r i l e  was l e s s  than 

u&Lty. By polarographic study of the r e a c t i o n  between the su l fk6 . c  

ac id  and the  a z o n i t r i l e ,  the  mixed-catalyst e f f e c t  was explained by a 

d i r e c t  r e a c t i o n  between the  two compounds. 

There a r e  r e p o r t s  i n  the  pa ten t  l i t e r a t u r e  22-24 of the  use of a 

v a r i e t y  of sulfoxy compounds a s  acce le ra to r s  of polymerization of o l e f i n ,  

d i o l e f i n  o r  v i n y l  compounds I n  a r ecen t  report24,  use of compounds 

of the  formula RS%X, RSOX, RSX and S X2 (where R i s  an  alkyl,  cyclo- 

a l k y l  o r  a r y l  group o r  a halogen de r iva t ive  thereof and X represents  a 

halogen atom, and 1)= 1 or  2) a s  c a t a l y s t s  f o r  the  polymerization and‘ 

rg. 
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copolymerization of 1-o lef ins  and polyenes has been mentioned. Amino- 

a l k y l  sulfone compounds of t he  genera l  formula RSO CHR'X (where R i s  a 

hydrocarbon group, R' i s  H o r  a hydrocarbon group and X i s  an  amino 

or s u b s t i t u t e d  amino group) have a l s o  been usedz3 as e f f i c i e n t  acce le r -  

a t o r s  of olefin, d i o l e f i n  and v i n y l  compounds a t  a r e l a t i v e l y  low 

temperature ( 3 5 ' ~ ) .  

Elemental Sul fur  

It i s  appropr ia te  t o  consider  t he  r o l e  of e lemental  s u l f u r  i n  

polymerization a t  t h i s  s t age ,  before  opening the  d iscuss ion  on the s i m -  

i l a r  r o l e  of organic  s u l f i d e s  and polyzsul f ides .  Elemental s u l f u r  i s  

known t o  e x i s t  a s  a s t a b l e  c y c l i c  % molecule from room temperature t o  

some what above i t s  mel t ing  po in t .  

of molten s u l f u r ,  the  l i q u i d  darkens and increases  r ap id ly  i n  v i s c o s i t y ,  

which reaches a maximum a t  around 185 c. 

explained25 on the  b a s i s  of an equi l ibr ium between a r ings  and long 

chains of s u l f u r ,  which a t t a i n  a maximum length a t  t he  po in t  of maxi- 

mum v i s c o s i t y .  

With inc rease  i n  the  temperature 

0 This phenomenon has been 

Homolytic cleavage of the S g  r i n g s  a t  e leva ted  tempera- 

t u r e s  y i e l d s  a d i r a d i c a l w h i c h  then i n i t i a t e s  a f r e e  r a d i c a l  po lye r i -  

z a t i o n  and i n  f a c t ,  phys i ca l  measurements and ca l cu la t ions  i n d i c a t e  

that the long s u l f u r  chains  are d i r a d i c a l s .  
E- c SR 

One of the  d i r e c t  evidences of the  p a r t i c i p a t i o n  of elemental  

s u l f u r  i n  f r ee - r ad ica l  r eac t ions  i s  i t s  e f f ec t iveness  as an i n h i b i t o r  
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i n  v i n y l  polymerizationP6. 

470 times as f a s t  as they add monomer and the  r e s u l t i n g  products 

(supposedly polysul f ides ,  M-SgM,, , M - S g M ,  -,, etc.) i n  tu rn  a l s o  behave 

Vinyl a c e t a t e  r a d i c a l s  a t t a c k  s u l f u r  about 

27 as i n h i b i t o r s ,  being a t tacked  by r a d i c a l s  only somewhat less r ead i ly  . 
While studying the i n h i b i t i o n  of thermal polymerization of s tyrene ,  

Bart le t t  and TrifanZ8 observed t h a t  t h e  i n i t i a l  product w a s  a low-mole- 

cular-weight copolymer containing approximately e i g h t  s u l f u r  u n i t s  per  

s tyrene  u n i t .  On f u r t h e r  hea t ing ,  the  s u l f u r  content  i n  the  copolymer 

decreased, probably by cha in  t r a n s f e r  w i th  the  polysul f ide  groups 

present' .  Gladisher and Leplyanin" also reported evidence of copoly- 

merizat ion of s u l f u r  and methyl methacrylate during postpolymerization 

i n  the  pho to in i t i a t ed  polymerization of methyl methacrylate i n  the  

presence of s u l f u r  i n h i b i t o r .  

Organic s u l f i d e s  

Quite a la rge  number of organic  s u l f i d e s ,  d i s u l f i d e s  and poly- 

s u l f i d e s  have been s tudied  as poss ib le  i n i t i a t o r s  of v i n y l  polymeri- 

za t ion .  Britenbach and Schindler3O reDorted t h a t  a t  7Ooc. dibenzovl * 
.. Q 
+ I )  

0 ,  
d i ~ u l f i d e , C 6 ~ 5 e " S - S - ~ c g H g  , decompose slowly t o  give f r e e  r a d i c a l s  

which induce v i n y l  polymerization. Frank e t  .al .31 a l s o  reported the  

a b i l i t y  of dibenzoyl d i s u l f i d e  t o  i n i t i a t e  v i n y l  polymerization by a 

r a d i c a l  mechanism. Otsu and coworkers, however, described t h i s  d i s u l f i d e  

32,33 as i n e f f e c t i v e  as a thermal i n i t i a t o r  (6O-12O0c) of polymerization. 

Many o ther  aromatic d i s u l f i d e s  such as diphenyl, dibenzyl,  di thiobenzyl ,  

dini t ro-diphenyl ,  dibenzothiazyl  and d i a l k y l  xanthogene d i s u l f i d e ,  w e r e  
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also repor ted  32,33 to  be i n e f f e c t i v e  as thermal i n i t i a t o r s  of polymeri- 

z a t i o n  bu t  some of them were found 32’34-36 t o  a c t  a s  r e t a r d e r s  of poly- 

merizat ion.  Fer r ing ton  and Totoloky , however , reported36 t h a t  dephenyl 

d i s u l f i d e  exhib i ted  a combination of i n i t i a t i n g  and r e t a rd ing  a b i l i t y  

a t  100°c. Most of the  organic  d i s u l f i d e s  mentioned above and c e r t a i n  

monosulfides a r e  e f f e c t i v e  p o l o i n i t i a t o r s  of v i n y l  polymerization 32 , 33 

P e t r o p o ~ l o s ~ ~  s tud ied  the k i n e t i c s  of photopolymerization of 

t e t r ae thy lene  g lyco l  dimethacrylate  i n  the  bulk wi th  the  use of a number 

of desy l  a r y l  s u l f i d e s ,  C6B5-CyCHtC6H5)-9-Ar 

mat ic  group), a s  p h o t o i n i t i a t o r s  a t  25’~. 

w a s  found t o  be propor t iona l  t o  the  square roor of the  i n i t i a t o r  concen- 

t r a t i o n .  The desyl  a r y l  s u l f i d e s  a r e  bel ieved t o  decompose i n t o  r a d i -  

8 
(where A r  i s  a n  a ro-  

The r a t e  of polymerization 

cals according t o  the  
0 

c 6 E5 - 8- CH- s 

c6F15 
I 

f o 1 lowing mechanism: 

It was ind ica t ed  from polymerization experiments t h a t  resonance s t a b i -  

l i z a t i o n  of the  d i s soc ia t ed  a r y l  t h i o  r a d i c a l ,  (Ar&), might be important 

i n  determining the r a t e  of d i s s o c i a t i o n  of the  p a r t i c u l a r  i n i t i a t o r .  

Of the  var ious  d i s u l f i d e s ,  t e t r a  a l k y l  thiuram d i s u l f i d e s  were 

found to  be capable of i n i t i a t i n g  thermal polymerization of s tyrene  and 

methyl methacrylate  i n  the  temperature range of 50-90 c y  but  not of 

38 viny 1 acetate and acry l o n i  t r i  le36 ’ 38-40. 

0 

Ferr ington  and Tobolsky 

s tudied  the  thermal polymerization of methyl methacrylate  a t  7Ooc using 
S S - - 
I! It te t ramethyl  thiuram d i s u l f i d e  (n l r rD)  , (CH3) 2-N-C-S-S-C-N-(CH3) as  



the  i n i t i a t o r ,  and found i t  somewhat less a c t i v e  than benzoyl peroxide.  

TPXD i s  the  only d i s u l f i d e  s tud ied  i n  d e t a i l  as a polymerization 

i n i t i a t o r .  A p l o t  of t he  square of polymerization rate aga ins t  TMTD 

concentrat ion deviated markedly from l i n e a r i t y  a t  r a t h e r  l o w  concen- 

t r a t i o n s  of the  i n i t i a t o r 3 8 .  

exponent of about 0.37 i n  s tyrene  polymerization. It i s  bel ieved t h a t ,  

besides  bimolecular terminat ion of the growing chains ,  o ther  modes of 

terminat ion are s i g n i f i c a n t ,  p a r t i c u l a r l y  a t  high i n i t i a t o r  concentra- 

t i o n .  This presumably involves  terminat ion by r e a c t i o n  wi th  TMTD mole- 

cu les .  

i n  t h i s  system i s  due t o  the  i n i t i a t o r  molecules r a t h e r  than t o  t h e i r  

decomposition products.  

Otsu and Nayatani repor ted  an  i n i t i a t o r  

It has been e s t ab l i shed  t h a t  the  r e t a r d a t i o n  of polymerization 

Using low concentrat ions of TMTD i n  azobisisobutyro-nitrile-init- 

i a t e d  polymerization a t  70°c and neglect ing r e t a r d a t i o n  of polymeri- 

za t ion  due t o  the  thiuram d i s u l f i d e  molecules, Fer r ing ton  and Tobolsky 

reported chain- t ransfer  cons tan ts  f o r  t he  above d i s u l f i d e  a t  7Ooc f o r  

methyl methacrylate  and s tyrene  as 1.15 x and 1.36 x respec- 

t i v e l y .  

38 

I n i t i a t o r  t r a n s f e r  i s  important f o r  many of t he  sulfur-containing 

i n i t i a t o r s ,  and t h i s  i s  s i g n i f i c a n t l y  of the  degradat ive type. Some of 

these compounds, as discussed above, are f a i r l y  e f f i c i e n t  i n i t i a t o r s ,  

and i n  a l l  probab i l i t y  the  r a d i c a l s  derived from primary d i s s o c i a t i o n  

are d i f f e r e n t  from those produced i n  cha in  t r a n s f e r  ( r ad ica l  d i sp lace-  

ment) r eac t ions .  I n  the  case of tetra methyl thiuram d i s u l f i d e ,  t h e  



1 2 .  

r a d i c a l  d i s p l a c e m e n t  may b e  c o n s i d e r e d  t o  t ake  p l a c e  as f o l l o w s :  

,Pe + [(CH3)2NC:S6s]2 -+ ,PC:SN(CH3)2+ (CH3)2NC:SS.S* 

w h e r e a s  d i r e c t  d i s s o c i a t i o n  i s  b e l i e v e d  t o  p r o d u c e  t h e  u n s t a b l e  

r a d i c a l  (CH3)2NC:SSe w h i c h  f u r t h e r  d e c o m p o s e s  t o  t h e  (CH3)2N' 

r a d i c a l  a n d  c a r b o n  d i s u l f i d e :  

T e t r a m e t h y l  t h i u r a m  m o n o s u l f i d e  i s  f o u n d  t o  b e  an i n  a t o r  b u t  n o t  a ? 
r e t a r d e r ,  w h i l e  t h e  c o r r e s p o n d i n g  t e t r a s u l f i d e  b e h a v e s -  as a r e t a r d e r  

b u t  n o t  a n  i n i t i a t o r .  T h u s  i t  i s  b e l i e v e d 3 6  t h a t  r e t a r d a t i o n  i s  

- d u e  t o  p o l y s u l f i d e  r a d i c a l s  R S o x  (x  > 1) w h i c h  a r e  u n r e a c t i v e  t o -  

w a r d s  monomer. The  d e g r a d a t i v e  c h a i n  t r a n s f e r  r e a c t i o n  o f  d i s u l -  

f i d e s ,  e . g . ,  d i p j e n y l  d i s u l f i d e ,  may b e  e x p r e s s e d  as :  
I 

the d i s u l f i d e  r a d i c a l  b e i n g  ~ n r e a c t i v e ~ ~ ;  d i r e c t  d i s s o c i a t i o n  i s  

u n d e r s t o o d  to i n v o l v e  s c i s s i o n  of  t h e  S-S bond  t o  g i v e  r e a c t i v e  

r a d i c a l s .  

It a p p e a r s  i n  g e n e r a l  t h a t  thermal  o r  p h o t o c h e m i c a l  a c t i v a t i o n  

of d i s u l f i d e s  r e s u l t s  i n  t h e  c l e a v a g e  of  t h e  S-S b o n d .  T h i s  i s  s u b s t a n -  

t i a t e d  b y  e n d - g r o u p  a n a l y s i s  o f  t h e  p o l y m e r s  (2Rs e n d - g r o u p s  p e r  p o l y -  

m e r  m o l e c u l e )  i n  c e r t a i n  cases  a n d  a l s o  b y  e x p e r i m e n t s  u s i n g  r i n g  

d i s u l f i d e s ,  I n  t h e  l a t t e r  case t h e  o b s e r v e d  i n c o r p o r a t i o n  of  a l a r g e  

amount  of s u l f u r  i n  t h e  p o l y m e r  i s  e x p l a i n e d  

3 5  

b y  c o n s i d e r i n g  c h a i n  41,42 
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extens ion  due t o  copolymerization a t  each in s t ance  of chain t r a n s f e r  

involving the r i n g  d i s u l f i d e :  

, M a  f R,+ ,M.-SRS'  . n  ?I- d-$ 
,M -SRS '  4- M -+ ,M -SRSK' e t c .  

7b n 

Dinaburg and V a n ~ h e i d t ~ ~  s tudied  the  cha in - t r ans fe r  capaci ty  of 

a la rge  number of t h i o l s  o r  mercaptans (RSH) and d i s u l f i d e s  D 2 S 2 ) a t  

99'~. 

SH group g r e a t l y  inc rease  the  a c t i v i t y  of a l k y l  t h i o l s ,  but  d i r e c t -  

attachment of the  SH group t o  icn aromatic r i n g  reduces the  a c t i v i t y .  

Disu l f ides  of the  a l i p h a t i c  s e r i e s  have low a c t i v i t y  but  a r y l  and 

he te rocye l i c  dev ia t ives  are qu i t e  a c t i v e .  

It was observed t h a t  aromatic groups i n  pos i t i ons  ad jacent  t o  &?-L 

44,45 Among the  po lysu l f ides ,  dimethyl t e t r a s u l f i d e  has-been s tud ied  

i n  some d e t a i l  wi th  respect t o  i t s  p a r t i c i p a t i o n  i n  r a d i c a l  r eac t ions .  

Dimethyl t e t r a s u l f i d e  decomposes and d ispropor t iona tes  pr imar i ly  i n t o  a 

mixture of dimethyl tri-,  t e t r a - ,  pentaThexa- and probably higher  poly- 

s u l f i d e ~ ~ ~  a t  8Ooc. 

t e t r a s u l f i d e  

polymerization of methyl methacrylate  and a c r y l o n i t r i l e  has been observed. 

A t  h igher  concent ra t ions  of the  t e t r a s u l f i d e ,  pronounced r e t a r d a t i o n  of 

polymerizat ion occurs.  Thus dimethyl t e t r a s u l f i d e  acts simultaneously 

as a weak i n i t i a t o r  and a s t rong  cha in- t ransfer  agent  of the degradat ive 

type,  I t s  apparent  cha in - t r ans fe r  contant  f o r  a c r y l o n i t r i l e  polymeri- 

za t ion  a t  8Ooc i s  reported4' t o  be 0.69. The thermal decomposition of 

With the  use of very low concent ra t ions  of dimethyl 

( K  5-6 x 10"' m / l )  a cce l e ra t ion  of the  thermal (8Ooc) 



14. 

dimethyl t e t r a s u l f i d e  i s  suggested t o  take p lace  as follows: 

Subsequent d i spropor t iona t ion  occurs  by the  i n t e r a c t i o n  of these r a d i -  

cals and the  s u l f i d e .  The slow formation of dimethyl d i s u l f i d e  during 

the  la t ter  process  may be due to  a slower rate of product ion of the 

methyl- thiyl  r a d i c a l  C a s *  i n  the  r e a c t i o n  mixture.  It i s  probably 

t h i s  radical  which leads  t o  i n i t i a t i o n  of polymerization. 

Polymers having su l fur -bear ing  end groups, obtained by using 

var ious  d i s u l f i d e s  o r  mercaptans a s  i n i t i a t o r s  o r  cha in- t ransfer  

agents ,  e x h i b i t  good i n i t i a t o r  o r  cha in- t ransfer  a c t i v i t y  during photo- 

or thermal polymerization of o the r  monomers i n  t h e i r  presence.  Block 

copolymers of methyl methacrylate  o r  a c r y l o n i t r i l e  w i th  polystyrene 

w e r e  e a s i l y  obtained by using s u l f u r  end group-bearing polystyrene 

( i n i t i a t e d  by te t ramethyl  thiuram 

There a r e  a l s o  r e p o r t s  47 J~~ i n  the  l i t e r a t u r e  of t he  easy and e f f i c i e n t  

sysn thes is  of graft-copolymers where the  preformed polymer used i s  a 

copolymer containing 1-5 mole percent  of g lyc idy l  methacrylate;  the  

epoxy s i d e  groups i n  these  copolymers are e a s i l y  transformed i n t o  two 

d i s u l f i d e )  as the  p h o t o i n i t i a t o r  46 . 

adjacent  pendant SH groups by r e a c t i n g  wi th  a mercapto ac id  such as 

mercapto a c e t i c  a c i d  o r  mercapto propionic  ac id .  

The r o l e  of mercaptans a s  cha in- t ransfer  agents  i n  f r e e - r a d i c a l  

polymerization i s  w e l l  known. Recently Wirahara and coworkerslc9 r epor t -  

ed a ra te -depress ing  e f f e c t  of mercaptans on t h e  b u t y l  l i t h i u m - i n i t i a t e d  

aniomic polymerization of methyl methacrylate .  The mercaptans used i n  
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small  q u a n t i t i e s  w e r e  p re sen t  i n  the  system a s  the  corresponding l i th ium 

mercaptide: 

B u L i  3- RSH -t BuH + R S L i  

Depression of the  polymerizat ion r a t e  i n  the  presence of mercaptides 

i s  probably due t o  the  formation of a somewhat s t a b i l i z e d  complex be- 

tween the  mercaptide and the  a c t i v e  center  of t he  polymerizing monomer. 

The s t e r e o s p e c i f i c i t y  of the  r e s u l t a n t  polymer was a l s o  a f f e c t e d  

( increased i s o t a c t i c i t y )  by the  presence of the  mercaptides,  t h i s  e f f e c t  

being i n  t h e  order  of n-propyl < isopropyl  c t - b z u t y l c  phenyl mercaptide.  

This  observa t ion  i s  i n  agreement wi th  the  idea  t h a t  s t e r e o s p e c i f i c i t y  

of the  pol.ymerization i s  determined by the  r i g i d i t y  of the  complex 

formed a t  t h e  a c t i v e  cen te r  of the  polymerizing monomer. 
5 

Photosens i t ive  polymers having xanthate  end-groups (=f!-O-) have 

been e a s i l y  obtained by using a number of xantha te  compounds a s  photo- 

su r s i t i ze r s5* .  From end-group ana lys i s  of such polymers, i t  i s  under- 

stood t h a t  t he  xanthate  compounds of the  type RS.C(S)OR' decompose t o  

RS' and C(:S)OR' r a d i c a l s  on photo lys i s .  Polystyrene prepared i n  the  

presence of xantha te  i n i t i a t o r s  has been e f f e c t i v e l y  photograf ted wi th  

poly (methyl methacrylate)  ( g r a f t i n g  e f f i c i ency  -72-95%) by cha in  t r ans -  

fer4'. 

by using acyldi thiocarbamates  as thermal o r  photo i n i t i a t o r s  . 
Photosens i t ive  polymers of s i m i l a r  kind have a l s o  been prepared 

51 

Makimoto e t  repor ted  a coca ta lys t  e f f e c t  of carbon d i s u l f i d e  

i n  v i n y l  polymerizat ion i n i t i a t e d  by organometal l ic  compounds, such as 
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d i e t h y l  z inc ,  d i e t h y l  cadmium, and t r i a l k y l  aluminum, i n  d i e t h y l  e t h e r  

o r  te t rahydrofuran so lu t ion .  Instantaneous co lo ra t ion  developed on 

mixing carbon d i s u l f i d e  and t h e  organometall ic compounds a t  0Oc; add i t ion  

of methyl methacrylate  a t  room temperature i n  t h i s  colored s o l u t i o n  

produced polymer to  10-70% y i e l d  i n  25-70 hours. Yields  thus obtained 

w e r e  much higher then i n  systems having no carbon d i s u l f i d e .  The coca- 

t a l y s t  e f f e c t  was a l s o  observed i n  the  polymerization of methyl a c r y l a t e ,  

s tyrene ,  v i n y l  acetate and a c r y ~ l o n i t r i l e .  

mediate, e.g., E t  C ( : S )  S 

Formation of a complex i n t e r -  

nEt with Zn Et2 and carbon d i s u l f i d e  was 

considered. It w a s  suggested t h a t  t h i s  intermediate  decomposed t o  pro- 

duce a r a d i c a l  which i n i t i a t e d  polymerization: 
S 

fast cs 2 U 
CS2+ZnEt2 -3 EtC( :S )SZnEt  -+ (EtC-S-)2Zn 

r eac t ive s l o w  
c o m p l e x  

Brown and White53 descr ibed the use of thiq:urea-monomer cana l  

complexes as molecular templates fo r  car ry ing  out  s e l e c t i v a  and s t e rco -  

s p e c i f i c  polymerization. It w a s  d i f f i c u l t  t o  i n i t i a t e  polymerization by 

hea t ,  l i g h t  and i n i t i a t o r s ,  bu t  i r r a d i a t i o n  wi th  ion iz ing  r a d i a t i o n  

produced high melt ing c r y s t a l l i n e  1,4 t r ans  polymers i n  good y i e l d  from 

canal  complexes of 2 , 3  dimethyl butadiene? 2 , 3  dichlorobutadiene 

1,3 cyclohexadiene. Numerous o the r  monomers forming canal  complexes wi th  

and 

thiourea could not be polymerized, however. Thus the scope of polymeri- 

za t ion  i n  thiourea canal-complexes is qu i t e  l imi ted  due t o  s u b s t r a t e  

s p e c i f i c i t y .  The technic  involved s p e c i f i c  o r i e n t a t i o n  and poss ib l e  

a c t i v a t i o n  of the monomers by the  complex t o  ob ta in  highly r egu la r  poly- 

mers. A f i n e  matching between the  s i z e  and shape of the monomer and 



the  s i z e  and shape of t he  cana ls  was requi red  f o r  polymerizat ion t o  

take p lace .  

Thiourea has a l s o  been used as a n  a c t i v a t o r  i n  redox i n i t i a t o r  

systems f o r  aqueous polymerization; e .g., w i t h  hydrogen peroxide,  

p e r s u l f a t e ,  f e r r i c  s a l t s  and bromates . I n i t i a t i o n  i s  bel ieved t o  54 

t ake  p lace  i n  such systems, a t  l e a s t  i n  p a r t ,  through the  agency of a 

r a d i c a l  der ived from the  reducing agent ,  i .e.,  thiourea 54,55 

p H  2 . ,NH2 

b H 2  QNH MH 
++ HS-C + 3-c,, + H f + e  

PH2 s=c  

I n  f a c t  poly(methy1 methacrylate)  samples prepared wi th  redox i n i t i a t o r  

systems, having th iourea  a s  the  reductan t ,  have been found t o  bear 

amine end-groups t o  s i g n i f i c a n t  e x t e n t s .  The s t r u c t u r e  of the r a d i c a l  

der ived from th iourea  i s  be l ieved  t o  be i-C( :NH)-NH2 i n s t ead  of 

H&C(:S)-NI12; t h i s  i s  confirmed by Mandal et.a1.55 by the  f a c t  t h a t  on 

t r e a t i n g  the  amino-end group-bearing polymers i n  acetone s o l u t i o n  wi th  

a l coho l i c  a l k a l i  under mild condi t ions and subsequent p u r i f i c a t i o n ,  

t he  response t o  amino-end group becomes negat ive and the  molecular weight 

of the  polymer inc reases  by a l a rge  e x t e n t .  The inc rease  i n  molecular 

weight may be p a r t l y  due t o  the  formation of d i s u l f i d e s  from the  macro- 

molcular mercaptans r e s u l t i n g  from the  a lka l i  t reatment  of t he  o r i g i n a l  

polymer (polymeric S-a lkyl  thiourea) :  

S u l f u r i c  ac id  

The use of s u l f u r i c  a c i d  as a cat iomic c a t a l y s t  for  polymerizat ion 
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is w e l l  known. 

za t ion  of s ty rene  i n  1 ,2-dichloroethrylene s o l u t i o n  a t  0-25Oc, using 

s u l f u r i c  ac id  as the  c a t i o n i c  i n i t i a t o r .  The f i n a l  y i e l d  of polymer 

was  low i n  t h i s  temperature range. The polymerization f e a t u r e s  were 

found t o  be d i f f e r e n t  from those of a normal s t eady- s t a t e  chain reac- 

t i o n .  The r a t e  of polymerizat ion w a s  very f a s t  and was dependent on 

ac id  concent ra t ion  but  independent of monomer concentrat ion,  and the  

average molecular weights of the  polymers w e r e  f a i r l y  ( 20,000). 

The r e s u l t s  were explained on the  b a s i s  of a non-steady-state chain- 

r e a c t i o n  theory developed f o r  the  purpose56. 

of c e r t a i n  a d d i t i v e s  on rate w a s  s tud ied  and evidence was found t h a t  

Pepper and coworkers 56-59 - s tud ied  the  c a t i o n i c  polymer5 

The e f f e c t  of the  presence 

po la r  substances i n t e r a c t e d  t o  varying degrees (depending on t h e i r  

p o l a r i t y )  wi th  the  c a t a l y s t  as w e l l  a s  wi th  the growing carbonium 

ion5'. 

f e r ,  r a t h e r  than by cha in  terminat ion.  

Molecular weight was determined, by and l a rge ,  by chain t r a n s -  

60 Tsuda observed i n  the  s u l f u r i c  a c i d - i n i t i a t e d  polymerizat ion of 

s tyrene  i n  methylene d i ch lo r ide  t h a t  the  niolecular weight could be 

g r e a t l y  increased  by lowering the  temperature. 

a s t rong  i n h i b i t o r  i n  s u l f u r i c  ac id-ca ta lysed  polymerization. This  

was explained by consider ing t r a n s f e r  of protons t o  water  molecules 

Water w a s  found t o  be 

from the  a c t i v e  pro ton  dornor i n  the  system: 

3 
2 ~ 2 ~ 0 4  -+ H ~ S O ~  + H S O ~  

p r e s e n c e  of water; 
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H36 i s  a weak p r o t o n  d o n o r ;  h e n c e  t h e  t r a n s f e r  o f  a p r o t o n  t o  t h e  

mo m e r  t o  f o r m  a c a r b o n i u m  i o n  i s  s u p p r e s s e d .  P r i e d e l - C r a f t s  

c a t a l y s t s  a r e  themselves s t r o n g  a c i d s  b u t  t h e i r  h y d r a t e s  a r e  ac- 

t i v e  p r o t o n  donors. T h e r e s o r e ,  w a t e r  b e h a v e s  as a c o c a t a l y s t  

i n  F r i e d e l - C r a f t s  c a t a l y s t  s y s t e m s  as  o p p o s e d  t o  i t s  i n h i b i t o r y  

e f f e c t  i n  s u l f u r i c  a c i d - c a t a l y r e d  s y s t e m s :  

9 

60 

BF3 + X20 B F 3 .  H 2 O  

BF3. H20 + M j- MH+ + BF3.0H- 

S u l f u r i c  a c i d  a t  l o w  c o n c e n t r a t i o n  (0.1-0.001 m/l) i n  

d e a e r a t e d  a q u e o u s  s o l u t i o n  w a s  f o u n d  61'62 t o  p o l y m e r i z e  m e t h y l  

m e t h a c r y l a t e  s l o w l y  i n  t h e  p r e s e n c e  of  s u n l i g h t  or u l t r a v i o l e t  

l i g h t  a f t e r  a l o n g  i n h i b i t i o n  p e r i o d .  Trace a m o u n t s  of s u l f a t e  

end-g roups  w e r e  d e t e c t e d  i n  t h e  p o l y m e r .  P o l y m e r i z a t i o n  w a s  

b e l i e v e d  t o  t a k e  p l a c e  p r i m a r i l y  b y  6 H  r a d i c a l s  and  h y a r o g e n  

atoms f o r m e d  i n  t h e  medium a c c o r d i n g  t o  t h e  f o l l o w i n g  scheme: 

u + sb, + H ~ O  +- H ~ S O ~  + t ) ~  
+ H 3 O  + e ' +  H' + H 2 0  

It h a s  b e e n  r e p o r t e d  by  Bar re t  e t . a1 .63  t h a t  t h e  ne t  r e s u l t  i n  

t h e  p h o t o l y s i s  o f  s u l f a t e  i o n s  i n  a q u e o u s  medium i s  t h e  p h o t o -  

d i s s o c i a t i o n  of  water  m o l e c u l e s .  
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Salts of reducinp sulfoxy compounds 

Sulfurous acid (H2S03) and sodium sulfite (Na2S03) were 

observed to be very sluggish and inefficient initiators of 

aqueous polymerization of methyl methacrylate, but sodium bi- 

sulfite (NaHS03) was found t o  be an efficient aqueous initiator 

with monomer selectivity . Methacrylate monomers were easily 

polymerized at 0-30 c; polymerization of styrene was very slow 

64 

0 

and sluggish. No polymerization was observed with vinyl acetate, 

acrylonitrile or the acrylates as the monomer. Initiation of 

polymerization is believed64 to be due to sulfonate ion radicals 

derived from a redox reaction between the bisulfite ion and 

monomer molecules. Sodium metabisulfite (Na2S205) and sodium 

dithionite (Na2S204) were also found to initiate the aqueous 

polymerization of methyl methacrylate, and polymers were found 
64,65 to bear nonhydrolyzable sulfonate-type anionic end-groups. 

All the above reducing sulforiy compounds as well as alkali 

thiosulfate f o r m  efficient redox initiata& systems with persul- 

fates. Polymerization is initiated by radicals derived from 

both the oxidAnt and reductant, as evidenced by end-group 

analysis 66* . 
s20; -+ s on- -+ so; + sb;; + 

o(n-l)- 
X Y  X Y  

In redox systems involving the reducing sufloxy compounds and 

oxidizing metal ions, the primary initiating radicals are derived 

f r o m  the sulfoxy compounds as follows: 
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I 

a n d  a n i o n i c  s u l f o n a t e - t y p e  e n d - g r o u p s  have b e e n  d e t e c t e d  i n  t h e  

p o l y m e r s  o b t a i n e d 6 7 .  O t h e r  r e d o x  s y s t e m s  i n  common u s e  i n v o l v -  

i n g  t h e  r e d u c i n g  s u l f o x y  compounds a r e  t h o s e  h a v i n g  h y d r o g e n  

p e r o x i d e ,  Oxygen o r  h a l a t e  s a l t s  as  t h e  o x i d a n t .  U s i n g  a 

c h l o r a t e - s u l f z i t e  Y i n i t i a t o r  sys ' t em for t h e  p o l y m e r i z a t i o n  o f  

a c r y l a m i d e  i n  a c i d i c  a q u e o u s  m e d i a  

HSO; i o n  w a s  an a c t i v e  c h a i n - t r a n s f e r  a g e n t ,  h a v i n g  a t r a n s f e r  

c o n s t a n t  o f  0.17 a t  5 0 O c .  

S u e n  e t  . a l .  68 o b s e r v e d  t h a t  

S u l f u r y l  c h l o r i d e  

S u l f u r y l  c h l o r i d e  (S02C12) i s  known" t o  take p a r t  i n  r a d i -  

c a l  r e a c t i o n s ,  e . g . ,  the  p e r o x i d e - i n d u c e d  c h l o r i n a t i o n  o f  o l e f i n s .  

S u l f o c h l o r i n a t i o n  of h y d r o c a r b o u s  has  b e e n  e f f e c t e d  u s i n g  

SO2C.12 and I T g h t  i n  t h e  p r e s e n c e  o f  p y r i d i n e  as  a c a t a l y s t  . 
Low c o n c e n t r a t i o n  of s u l f u r y l  c h l o r i d e  were f o u n d  t o  i n i t i a t e  

t he  bulk p o l y m e r i z a t i o n  o f  m e t h y l  m e t h a c r y l a t e  t h e r m a l l y  a t  60- 

80°C, o r  m o r e  e f f i c i e n t l y  o n  i r r a d i a t i o n  w i t h  v i s i b l e  or u l t r a -  

v i o l e t  l i g h t .  The p o l y m e r s  s o  o b t a i n e d  i n c o r p o r a t e d  c h l o r i n e  

a n d  s u l f o n y  e n d - g r o u p s .  

70 

D i m e t h y l  s u l f o x i d e  

A n o t h e r  i n t e r e s t i n g  s u l f o x y  compound w h i c h  i s  known t o  
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p a r t i c i p a t e  i n  p o l y m e r i z a t i o n  i s  d i i n e t h y l  s u l f o x i d e  (DMSO). 

The u s e  o f  a l k a l i  m e t a l  - DMSO compounds a s  i n i t i a t o r s  of  p o l y -  

m e r i z a t i o n  h a s  r e c e n t l y  b e e n  r e p o r t e d  72-75- The  p o l y m e r i z a t i o n  

b e h a v i o r  of s e v e r a l  monomers w a s  examined  w i t h  s o d i u m - o r  p o t a s s i u m -  

DMSO, a n d  t h e  r e s u l t s  were  c o n s i s t a n t  w i t h  a n i o n i c  i n i t i a t i o n .  

DMSO, h a v i n g  a h i g h  s o l u b i l i t y  p a r a m e t e r  a n d  h i g h  d i e l e c t r i c  

c o n s t a n t ,  d i s s o l v e s  many monomers a n d  p o l y m e r s ,  a l l  of w h i c h  a r e  

n o t  r e a d i l y  s o l u b l e  i n  s o l v e n t s  c o n v e n t i o n a l l y  u s e d  i n  a n i o n i c  

p o l y m e r i z a t i o n .  The  o r d e r  of p o l y m e r i z a b i l i t y  w a s  f o u n d  t o  b e  

a c r y l o n i t r i l e  > methyl m e t h a c r y l a t e  > >  s t y r e n e ,  a n d  c o p o l y m e r i -  

z a t i o n  e x p e r i m e n t s  w i t h  t h e  b i n a r y  s y s t e m  o f  a c r y l o n i t r i l e  and  

s t y r e n e  i n  e q u i m o l a r  a m o u n t s  p r o d u c e d  a l m o s t  e x c l u s i v e l y  t h e  

homopolymer  o f  a c r y l o n i t r i l e  . T h e  s t r u c t u r e  of  t h e  a n i o n  de -  76 

r i v e d  f rom DMSO ( e . g .  by  r e a c t i o n  w i t h  b y t y l  l i t h i u m )  i s  as  

f o l l o w s  : 

B G L i +  + CH3-  g -CH3+ CH3- g-GH2Li'  + BuH.  

The  d i m s y l  a n i o n ,  a s  t h i s  a n i o n  i s  c a l l e d ,  p o l y m e r i z e d  a c r y l o n i -  

t r i l e  w i t h  a l m o s t  t h e o r e t i c a l  y i e l d 7 3  i n  homogeneous  (DMSO) 

s o l u t i o n  a t  20-50 c a n d  m o l e c u l a r  w e i g h t s  o f  t he  o r d e r  o f  

7 6  x l o 3  t o  185 x 1 0  w e r e  o b t a i n e d .  

0 

3 T e r m i n a t i o n  o f  g r o w i n g  

c h a i n s  b y  t r a n s f e r  w i t h  DMSO i s  an i m p o r t a n t  f a c t o r  g i v i n g  r i s e  

t o  r e l a t i v e l y  l o w  m o l e c u l a r  w e i g h t  p o l y m e r s .  S t y r e n e  p o l y -  

m e r i z a t i o n  g e n e r a l l y  y i e l d e d  v e r y  l o w  m o l e c u l a r  w e i g h t  o i l y  
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p o l y m e r s .  P o l y m e r i z a t i o n  t o  h i g h  m o l e c i i l a r  w e i g h t s  w a s  s t r o n g l y  

i n h i b i t e d  i n  DMSO d u e  t o  t e r m i n a t i o n  b y  c h a i n  t r a n s f e r  t o  t h e  

s o l v e n t  : 

w h e r e  Po r e p r e s e n t s  a g r o w i n g  ( c a r b o n i o n )  c h a i n .  

u c t  i n  s t y r e n e  p o l y m e r i z a t i o n  c o n t a i n e d  o n e  s u l f i n y l  g r o u p  a n d  

th ree  s t y r e n e  u n i t s ,  as r e p o r t e d  b y  G o s n e l l  e t . a l .  . They  p r o -  

p o s e d  t h e  f o l l o w i n g  mechan i sms  t o  e x p l a i n  t h i s :  I n  t h e  g r o w i n g  

c h a i n s  c o n t a i n i n g  o n e  o r  two s t y r e n e  u n i t s ,  t h e  i o n - d i p o l e  i n t e r -  

a c t i o n s  b e t w e e n  t h e  s u l f o x i d e  g r o u p  a t  one e n d  a n d  t h e  i o n  p a i r  

o f  t h e  g r o w i n g  end  s t a b i l i z e  t h e  i n t e r m e d i a t e s  a n d  t h e r e b y  

d e c r e a s e  t h e  p r o b a b i l i t y  of p r o t o n  a b s t r a c t i o n  from t h e  s o l v e n t  

a t  t h e s e  two s t a g e s  of monomer a d d i t i o n .  A f t e r  t h e  a d d i t i o n  o f  

The m a j o r  p r o d -  

75 

t h e  t h i r d  monomer u n i t ,  t h i s  s t a b i l i z i n g  i n t e r a c t i o n  i s  n o  l o n g e r  

p o s s i b l e  a n d  t h u s  s o l v e n t  t r a n s f e r  p r e d o m i n a t e s  o v e r  c h a i n  p r o -  

p a g a t i o n .  

Hydrogen  s u l f i d e  

The u s e  of  h y d r o g e n  s u l f i d e  i n  v i n y l  p o l y m e r i z a t i o n  i s  q u i t e  

l i m i t e d .  The a d d i t i o n  r e a c t i o n s  of  h y d r o g e n  s u l f i d e  t o  d e f i n e  

d o u b l e  b o n d s  u n d e r  p r e s s u r e  a n d  a t  h i g h  t e m p e r a t u r e s  a n d  t h a t  

77-79 r e c u r r i n g  a t  l o w  t e m p e r a t u r e  u n d e r  u l t r a v i o l e t  l i g h t  a r e  known 
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But formation of high polymers by hydrogen sulfide, behaving as 

an initiator, has not been reported. The chain-transfer ability 

of hydrogen sulfide was, however, examined by Britenbach and 

Olaj8O in the polymerization of styrene and acrylonitrile. 

mers with significant sulfur content were isolated by thermal 

catalyzed polymerization of these monomers in presence of a 

fairly high concentration of hydrogen sulfide. Ulbricht and 

Sourisseau observed that polyacrytonitrile prepared in the 

presence of hydrogen sulfide (using axobisisobutyronitrile init- 

iator at 5Ooc) contained 0.5-2.5% S as end-groups; only 2-6% of 

Poly- 

8 1  

this sulfur was in the form of mercapto end-groups, and the rest 

became incorporated in the polymer chains in a form haying-no 

transfer activity. The present author recently examlned the 

ability of hydrogen sulfide to initiate vinyl polymerization 

and observed that methyl methacrylate formed polymers at a very 

8 2  

slow rate at or near room temperature in the presence of very 

low concentration C10-5-10-2m/l> of hydrogen sulfide used as 
82 the initiator . The polymerization was retarded when the con- 

centration of hydrogen sulfide was higher than about 1 x 10-3m/l. 

Vinyl acetate, acrylonitvile and methyl acrylate did not give 

any polymer. The chain-transfer constants of hydrogen sulfide 

at 6Ooc for the polymerization of methyl methacrylate and styrene 

were found to be 0.081 and 1.99 respectively . The polymeri- 

zation by hydrogen sulfide probably involves a complex radical 

mechanism, i.e., formation of a labike complex between the monomer 

82 
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and hydrogen s u l f i d e  which then slowly d i s s o c i a t e s  i n t o  r a d i c a l s  t o  

i n i t i a t e  polymerization. The r a d i c a l s  may otherwise give a d d i t i o n  

products by recombination under s u i t a b l e  condi t ions o r  may lead t o  

s i d e  r e a c t i o n s  which suppress polymerization. 

Sul fur  dioxide 

The e f f e c t  of s u l f u r  doxide on v i n y l  polymerization has been 

s t u d i e d  f o r  some t i m e .  

w a s  concerned wi th  the  use of l i qu id  s u l f u r  dioxide as a medium of 

polymerizat ion o r  a s  a comonomer i n  the  presence of a v i n y l  o r  r e l a t e d  

monomer, w i th  a r a d i c a l  o r  i o n i c  c a t a l y s t  o r  some r a d i a t i o n  t o  induce 

polymerization 83-91.  Some ins tances  of spontaneous polymerization i n  

the  presence of l i qu id  s u l f u r  dioxide without  the  advent of any ca t a -  

l y s t  o r  r a d i a t i o n  are a l s o  repor ted  92y930 

za t ion  obtained i n  l i q u i d  s u l f u r  dioxide a r e  e i t h e r  of the  unsaturated 

monomer and s u l f u r  dioxide,  commonly c a l l e d  a polysulfone.  

The bulk of the  published da ta  u n t i l  r ecen t ly  

The products  of polymeri- 

Sul fur  dioxide i s  known t o  form complexes wi th  o l e f in i t  compounds 

and a hos t  of o ther  compounds such as amines, e t h e r s ,  phenok and aroma- 

t i c  hydrocarbons 94-97. 

d i s s o c i a t e  i n t o  i o n i c  spec ie s  a s  follows: 

Liquid s u l f u r  dioxide i s  a l s o  knowng8 to  

2s02 ++ so2+ + so,’- 

Thus during polymerizat ion i n  l i q u i d  s u l f u r  dioxide,  the  probable par- 

t i c i p a t i o n  o r  in f luence  of any complex o r  i o n i c  spec ie s  as mentioned 

.- . 



, 

above should be taken i n t o  cons idera t ion .  Sul fur  dioxide behaves as 

a good e l e c t r o n  acceptor  and i s  more r e a c t i v e  i n  this  respec t  than  

haa&&-we anhydride a t  low temperatures,  but  t h e i r  r e a c t i v i t i e s  are 
mctteIC 

more o r  less comparableg9 a t  about 3Ooc. 

I n  a l i q u i d  s u l f u r  dioxide system, c a t i o n i c  c a t a l y s t s ,  s u c h ' a s  

BF3,-€$SQ e t c . ,  lead t o  the  formation of a homopolymer of the  unsat-  

u ra ted  monomer, while  the  formation of a polysulfone i s  brought 

about i n  genera l  w i th  the  use of f r e e - r a d i c a l  i n i t i a t o r s ,  such as 

benzoyl peroxide,  azobis i sobutyroni$r i le ,  etc. 83-93. There have been 

some r e p o r t s  where simultaneous formation of a homopolymer and a poly- 

su l fone  

i n i t i a t o r  . 
a r e  observed 84'88,100, even i n  presence of a f r ee - r ad ica l  

88 

I n  uncatalyzed polymerizat ion of s tyrene  i n  l i q u i d  s u l f u r  dioxide.  

Barb84 observed t h a t  the  percentage of sulfur dioxide i n  the  polymer 

product decreased a s  the  s u l f u r  dioxide t o  s ty rene  r a t i o  i n  the  feed  

s o l u t i o n  was increased .  Thus i n  a d d i t i o n  t o  the  normal f r ee - r ad ica l  

polymerizat ion leading t o  the  formation of a polysulfone,  a c a t i o n i c  

polymerization ( i n i t i a t e d  e i t h e r  by the  c a t i o n i c  spec ies  of s u l f u r  

dioxide o r  by some r e a c t i o n  of t h e  s u l f u r  dioxide monomer complex), 

also took p lace  and t h i s  process did no t  incorpora te  e i t h e r  s u l f u r  

dioxide o r  t he  complex present  i n  the  system i n t o  the  polymer. 

r ecen t ly  Tokura e t  .a1 .88 observed simultaneous r a d i c a l  polysulfone form- 

a t i o n  and c a t i o n i c  homopolymerization of p- isopropyls tyrene i n  l i q u i d  

Plore 
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s u l f u r  dioxide i n  the  presence of a r o b i l i s o b u t y r o n i t r i l e  i n i t i a t o r .  

I n  the  presence of dimethyl formamide the  c a t i o n i c  homopolymerization 

was completely i n h i b i t e d  and only a polysulfone w a s  obtained. Schulz 

and Banihaschemi observed f a s t  polymerization of s ty rene  t o  s u l f u r -  
10 1 

f r e e  polystyrene i n  l i q u i d  s u l f u r  dioxide i n  the  presence of hydro- 

peroxides and perac ids  as c a t a l y s t s ,  and the  polymerization remained 

uninhib i ted  by hydroquinone o r  m-dini t ro  benzene. Polymerization was 

considered t o  take p lace  by a c a t i o n i c  mechanism, and the  use of so lven t s  

such as benzene, toluene and dichloromethane had l i t t l e  e f f e c t .  The 

use of n i t r i l e  compounds and dimethyl formamide, however, l ed  t o  the  

formation of polystyrene sulfone a t  a much reduced r a t e .  Thus l i q u i d  

s u l f u r  dioxide appears t o  be a unique so lvent  which permits polymeri- 

za t ion  of ol&inic and v i n y l  compounds by e i t h e r  r a d i c a l  o r  c a t i o n i c  

mechanisms depending on the  condi t ions of polymerization, and sometimes 

permi t t ing  simultaneous r a d i c a l  and c a t i o n i c  polymerization, A t  the  

same t i m e  t he  so lvent  i t s e l f  p a r t i c i p a t e s  i n  the  polymerization process  

e i t h e r  a s  a comonomer g iv ing  r i s e  t o  polysulfones of r a t h e r  r egu la r  

sequence d i s t r i b u t i o n  under favorable  condi t ions ,  and/or as a po la r  

so lvent  in f luenc ing  the  o v e r a l l  r a t e  of polymerization without being 

incorporated i n  the  polymer t o  a measurable ex ten t .  

An i n t e r e s t i n g  f e a t u r e  of t he  r a d i c a l  polymerization of o l e f i n e s  

i n  l i q u i d  s u l f u r  dioxide i s  the  ready formation of predominantly 1:1 - 
a l t e r n a t i n g  copolymers from a range of feed compositions. I n  the  case 

of cyclohexenelo2 the  s t r u c t u r e  of the  polysulfone is: 

/ 
I 
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and f o r  unsymmetrical o l e f i n s ,  e.g., propylene and pentene,  w r i t i n g  

X Y f o r  the  o l e f i n ,  the  polysulfone has an a l t e r n a t i n g  s t r u c -  

t u r e  : 103,104 
0 0 0 

II 
6 0 

-x-y-s H -y-x-g-x-y-s-y-x- II 

The copolymerization of an  o l e f i n i c  hydrocarbon and s u l f u r  

dioxide i s  considered t o  be a simple polymerization of a 1:1 complex 

of the  two monomers. For s tyrene  and s ty rene  de r iva t ives ,  2 : l  poly- 

su l fones ,  i . e . ,  2 monomer u n i t s  f o r  one SO2 u n i t ,  were normally ob- 

ta ined  by r a d i c a l  polymerization84y88. 

mide were a l s o  repor ted  t o  give 2 : l  polysulfones 

Vinyl ch lo r ide  and v i n y l  bro- 

105 , 106 

An important observa t ion  i n  polymerization, f i r s t  made i n  connec- 

t i o n  wi th  polysulfone formation i n  l i q u i d  s u l f u r  dioxide,  i s  the  c e i l -  

ing-temperature (Tc) phenomenon. Snow and Freylo7 observed t h a t  s u l f u r  

dioxide-isobutene mixtures  containing a s u i t a b l e  i n i t i a t o r  polymerize 

a t  temperatures below 4-6Oc, bu t  the  r e a c t i o n  s tops  on warming above 

t h i s  temperature.  The c e i l i n g  temperature (Tc) i s  defined as t h a t  

temperature above which monomer cannot be converted i n t o  long-chain 

polymer. Thermodynamically , it  i s  the  temperature a t  which the  f r e e  

energy of polymerizat ion i s  zero.  I n  the  polymerization of s ty rene  i n  

l i q u i d  s u l f u r  dioxide , t he  r e a c t i o n  incorpora t ing  s u l f u r  dioxide i n  

the  polymer competes w i t h  the  normal chain-propagation process  t o  y i e l d  

polystyrene,  and a phenomenon analogous t o  c e i l i n g  temperature is ob- 

served i n  t h a t  the  amount of SOzincorpora ted  i n  the  copolymer decrease 

markedly wi th  temperature.  The dependence of polysulfone composition 
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on temperature and the  concentrat ions of monomers ( s tyrene  and s u l f u r  

dioxide) was explained by Barbg4 i n  terms of r e v e r s i b l e  propagat ion and 

i m b s i o n  of SO2 i n  the  copolymer exc lus ive ly  by r e a c t i o n  of a growing 

chain w i t h  a 1: 1 complex of s tyrene  and SQ,2 . Walling108, however, 

explained i t  by an a l t e r n a t i v e  scheme not  involving the  p a r t i c i p a t i o n  

of a styrene-S02 complex. 

dependence of copolymer composition i n  a s tyrene-su l fur  dioxide system 

at e leva ted  temperatures,  Barb84 est imated the  a c t i v a t i o n  energy of 

the  depropagation r e a c t i o n  involving the  breakage of a carbon-sulfur 

bond a s  12-15 Kcal, which i s  much lower then t h a t  f o r  the  depropagation 

of a v i n y l  polymer. 

Based on r a t e  measurement and the  temperature 

A penul t imate  u n i t  e f f e c t  has  been recognized i n  the  copolymeri- 

za t ion  of s tyrene  and s u l f u r  dioxide.  SQ f a i l s  t o  add t o  a r a d i c a l  

w i t h . a  te rmina l  SO2 u n i t  and moreover i t  a l s o  f a i l s  t o  r e a c t  t o  a 

polymer r a d i c a l  i n  which SQ i s  the  penultimate unit84~108. 

The copolymerization of s u l f u r  dioxide wi th  cis- or t rans-  2-butene 

i s  accompanied by i somer iza t ion  of the  r e spec t ive  o l e f i n l o g .  The r a t e  

of i somer iza t ion  inc reases  a s  the  temperature approaches the  c e i l i n g  

temperature desp i t e  decrease i n  the rate of polymerization. 

i s  i n t e r p r e t e d  i n  terms of the  propagat ion depropagat ioncqui l ibr ia :  

The e f f e c t  

H 
---P -'-M SO2 * C H  ( C H 3 )  C H ( C H 3 )  

\ f-" 
-M,SO; 4 )C = 

c333 H 
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The ins tan taneous  polymerization of s tyrene  i n  l i qu id  SO2 t o  

s u l f u r - f r e e  polystyrene a t  a f a s t  rate i n  the  presence of anthracene 

and oxygen was repor ted  by Tokura and coworkers''', 

could not be e f f e c t e d  i n  the  absence of e i t h e r  anthracene o r  oxygen and 

the  polymerizat ion was i n h i b i t e d  i n  the  presence of dimethyl su l foxide ,  

an i n h i b i t o r  f o r  c a t i o n i c  polymerization. I n i t i a t i o n  of polymerizat ion 

w a s  considered t o  take p lace  through the  agency of c a t i o n  r a d i c a l s  

+ (C6H5CH = C%)r formed i n  the  system according t o  the  following scheme: 

Rapid i n i t i a t i o n  

c a t i o n i c  
I11 + @iHs-CH=CH2 p r o p  a g a t i  on* p o l y s t y r e n e  

Overberger and Moore''' r epor ted  the  formation of a yellow color  

when benzyl v i n y l  s u l f i d e  was added t o  l i q u i d  s u l f u r  dioxide i n  the  

presence of a i r ;  a 1:l polysulfone w a s  i s o l a t e d  from t h i s  system. But 

i n  the  absence of a i r  no c o l o r a t i o n w a s  observed and only a minute t r a c e  

of a s o l i d  polymeric product was i s o l a t e d ;  t h i s  w a s  not a 1:l polysulfone.  

Polymerization by a r a d i c a l  mechanism v i a  the  formation of a charge- 

t r a n s f e r  complex (yellow color )  between the monomer and s u l f u r  dioxide 

i s  bel ieved t o  take  p lace  i n  the  presence of a i r ,  

Polymerization of a c r y l o n i t r i l e  i n  l i q u i d  s u l f u r  dioxide i n  the  

presence of a r a d i c a l  i n i t i a t o r  a t  5Ooc produced''* only the homopolymer 
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of a c r y l o n i t r i l e  i n s t e a d  of the  expected copolymer (polysulfone).  

Tokura e t  .al."* explained t h i s  by consider ing a p o s i t i v e  charge on 

the  monomer due t o  the  presence of the  e l e c t r o n - a t t r a c t i n g  n i t r i l e  

group and thus precluding formation of a charge- t ransfer  complex be- 

tween the  monomer and s u l f u r  dioxide.  

t i o n  w a s  a l s o  observed113 f o r  methyl methacrylate  i n  l i qu id  s u l f u r  

Similar  r a d i c a l  homopolymeriza- 

dioxide.  

It is  i n t e r e s t i n g  t o  note114 here  t h a t  r a d i c a l  polymerization 

of m-bromostyrene i n  l i q u i d  S$ gives polysulfones wi th  s u l f u r  con- 

t e n t s  w e l l  below t h a t  observed i n  styrene-SOp system and no SO, i s  

incorporated i n  the  polymer when p -n i t ro  s tyrene  i s  r a d i c a l l y  poly- 

merized i n  l i qu id  SO2 . It i s  thus ind ica t ed  t h a t  s tyrene  de r iva t ives  

having e l e c t r o n  withdrawing groups and having e va lues  l a rge r  than the  

e value of s tyrene ,  have l e s s  o r  no tendency t o  copolymerize w i t h  SO,. 

Matsuda and coworkers 115y116 r epor ted  r e t a r d a t i o n  of the r a d i c a l  

polymerization of a c r y l o n i t r i l e  i n  l i q u i d  s u l f u r  dioxide due t o  the  

presence of a n i l i n e  and o the r  aromatic amines, due t o  cha in  t r a n s f e r  of 

the  degradat ive type.  This  chain t r a n s f e r  i s  more pronounced i n  

l i q u i d  s u l f u r  dioxide than i n  benzene; t h i s  i s  a t t r i b u t e d  t o  the  d i f f e r -  

ences i n  p o l a r i t y  of the  terminal  r a d i c a l s  of the  growing chains  i n  

the two so lvents .  The cha in- t ransfer  cons tan ts  f o r  t h ree  amines i n  the  

above two so lvent  sys  tems 1159116 a r e  given i n  Table I. 

It i s  i n t e r e s t i n g  t o  note  a polymolecular dependence of t he  over- 

all r a t e  of s ty rene  polymerization on s u l f u r  dioxide concent ra t ion  a s  
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Table I 

Comparison of cha in- t ransfer  cons tan ts  C of three  

aromatic amines i n  the  polymerization of acry loni -  

t r i l e  i n  l i q u i d  s u l f u r  dioxide and benzene. 

tr 

Ctr i n  benzene 
Aromatic 

amine Ctr i n  l i q u i d  SO2 

Ani l i n e  ( 5Ooc) 0.96 

Dimethy 1 a n i  l i n e  ( 6Ooc) 2.18 

Diethyl  a n i l i n e  (60'~) 14.32 
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repor ted  by Tokura e t  .a1.83 f o r  c a t i o n i c  polymerization i n  l i q u i d  

s u l f u r  dioxide.  In t he  presence of c e r t a i n  so lvents ,  the  r a t e  R was 

expressed as:% z constant  x (solvent)n.  

t i v e  (benzene: -1.5, toluene: -0.8, p-xylene: -0.8, p-cymene: -0.3) 

behave a s  acceptors  of ca t ions ;  they presumably i n t e r a c t  w i th  the 

P 
Solvents f o r  which n i s  nega- 

ca ton ic  end of the growing chains and form a r e l a t i v e l y  s t a b l e  complex 

wi th  l i qu id  s u l f u r  dioxide and thus r e t a r d  the  polymerization r a t e .  

Other so lvents  having p o s i t i v e  values  of n (cyclohexane: 0.7 and chloro- 

benzene: 0.4) a r e  found t o  acce le ra t e  t he  r a t e ,  so lvents  of t h i s  c l a s s  

a r e  considered n e u t r a l  o r  bear p o s i t i v e  charge and do not i n t e r a c t  wi th  

the  growing c a t i o n i c  cen te r s  o r  S 4  but  a c t  r a t h e r  t o  r e p e l  them. 

The e f f e c t  of l i qu id - su l fu r  dioxide concentrat ion on the  r e l a t i v e  

r e a c t i v i t y  of monomers i n  the  c a t i o n i c  copolymerization of s tyrene  (MI ) 

and methyl a c r y l a t e  (M2) a t  O p e  using BF3, Et20 complex a s  the  c a t i o n i c  

i n i t i a t o r  was s tudied  by Matsuda e t .a l . ” .  

y; changed from 0.30 a t  (SO2) y 6.58 m / l  t o  qA1 = 1.50 a t  (SO2) = 13.16 

m / l ,  b u t r 2  remained unchanged. Using the  same c a t a l y s t  system i n  the 

c a t i o n i c  copolymerization of s tyrene (5) and &-methyl s tyrene  (%) , 

I i n o  and Tokura” observed t h a t  3 and 7 9 a t  - 4 O O c  i n  l i qu id  s u l f u r  

dioxide w e r e  0.0 - 0.1 and ’20, r e spec t ive ly ,  while  the corresponding 

values  were 0.2 - 0.3  and 1 2  5 2 i n  methylene ch lor ide  a t  -2OOc. 

copolymer composition and monomer sequence d i s t r i b u t i o n  were determined 

by NMR spectroscopy. The f r a c t i o n  of i s o l a t e d  s i n g l e  s tyrene  u n i t s  

spaced between two M-methyl s tyrene  u n i t s  ( a l t e r n a t i n g  s t r u c t u r e )  was 

The monomer r e a c t i v i t y  r a t i o  

1 

The 
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ca lcu la t ed  by a comparison of the  phenyl doublet  and phenyl s i n g l e t  

absorp t ions .  I n  methylene ch lo r ide  medium, the  a l t e r n a t i n g  s t r u c t u r e  

accounted f o r  38.3% of the  s ty rene  u n i t s  i n  the  copolymer from a 

near ly  equimolar amount of the  two monomers i n  the  f eed ,  On the  o the r  

hand, the  copolymer produced i n  l i q u i d  s u l f u r  dioxide seemed t o  be a 

non-a l te rna t ing  copolymer having p r a c t i c a l l y  no lone s tyrene  u n i t s  

spaced between two d-methyl s tyrene  u n i t s .  These e f f e c t s  were expla in-  

ed i n  terms of the  g r e a t e r  degree of so lva t ion  of s ty rene  molecules i n  

l i q u i d  s u l f u r  dioxide compared t o  &-methyl s ty rene  molecules, and 

the  higher  r e a c t i v i t y  of &-methyl s ty rene  toward carbonium; ions  i n  

l i q u i d  s u l f u r  dioxide.  90 

Tokura and Kawahara’l’l repor ted  the  i n t e r e s t i n g  observa t ion  t h a t  

a l k y l  and a r a l k y l  ha l ides ,  such as e t h y l ,  n-propyl, isopropyl ,  n-butyl ,  

t -bu ty l ,  -phenethyl and benezyl ch lo r ide ,  a r e  a l l  e f f e c t i v e  c a t a l y s t s  

f o r  t he  c a t i o n i c  polymerization of s ty rene  i n  l i q u i d  s u l f u r  dioxide.  

No Lewis-acid c a t a l y s t  was used and only homo-polystyrene was obtained.  

The product ion of f r e e  carbonium ions  from the  a l k y l  ch lor ides  i s  not 

conceivable i n  ordinary so lven t s ,  bu t  a s t rong  so lva t ion  of ch lo r ide  anion 

by l i q u i d  s u l f u r  dioxide may be ope ra t ive ,  and carbonium ions  der ived 

from the  a l k y l  groups probably i n i t i a t e  polymerization i n  l i q u i d  s u l f u r  

dioxide ; the  exac t  mechanism i s  not  c l e a r  however. 
117 

Tokura e t  . a l  .89 observed increased  i n h i b i t i o n  and subsequent re- 

t a r d a t i o n  of r a d i c a l  polymerizat ion i n  a l i q u i d  s u l f u r  dioxide - dimethyl 

su l foxide  (DMSO) so lvent  system when potassium rodide was added t o  the  
* 
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system. This  e f f e c t  was caused by the  formation of iod ine  i n  the  KI- 

DMSO - SO, system as v i s u a l l y  demonstrated by the  development of iod ine  

co lor  i n  the  so lu t ion .  No c o l o r a t i o n  w a s  no t iced ,  however, i n  e i t h e r  

the  K I  - DY"IS.0 o r  K I  -1iq -SO, binary system. The poss ib l e  mechanism of 

the  formation of iod ine  i s :  

Polymerizat ion of o l e f in&<,  a l k y l i c  and v i n y l  compounds i n  l i qu id  

s u l f u r  dio%i.de induced by 

i o n i c  c a t a l y s t s  w a s  normally found t o  occur by a r a d i c a l  mechanism 

giving rise t o  the  r e spec t ive  polysulfones 86,118-120 

$ - i r r ad ia t ion  i n  absence of any r a d i c a l  o r  

S t i l l e  and Thomson12' s tud ied  r a d i c a l  copolymerization of a non- 

conjugated diene (1.5 hexadeine) and s u l f u r  dioxide and found t h a t  

two s u l f u r  dioxide u n i t s  were p re sen t  f o r  each d i o l e f i n  u n i t  i n  the  

r e s u l t i n g  copolymer. Each s u l f u r  dioxide molecule presumably complexed 

wi th  one double bond of the  d i o l e f i n  p r i o r  t o  polymerization. The pro- 

posed propagat ion mechanism involved a cyclocopolymerization through 

the  intermediafy of these  complexes, corresponding t o  a l t e r n a t i n g  i n t r a -  

molecular - intermolecular  b i - r a d i c a l  propagation. The s t r u c t u r e  and 

formation of the  l i n e a r  

CHI! 

CH 
I 

CH / C H 2  
C H 2  

cop0 lymer 

+ 2s02  

may 

-?- 

be represented  as:  

C H 2  CH 
I ...I[. ..s 0 

complex  f o r m a t i o n  

r 1 

p r o p a g a t i o n  

-c c o m p l e x  .kH C H 2  

b i r a d i c a l  C H i  
L i n e a r  p o l y m e r  
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Zutty and coworkers 92 J 122 repor ted  a spontaneous copolymerization 

of bicyclo-2,2,l,hept-2-ene and s u l f u r  dioxide a t  low temperatures.  

Polymers w e r e  obtained i n  high conversion ( - 9 3 % )  i n  a matter  of minutes; 

the  molecular weight of the  copolymer increased  wi th  conversion and 

t i m e ;  t h e  r e a c t i o n  could not  be i n h i b i t e d  i n d e f i n i t e l y  without  exhaust-  

i ng  one of the  monomers; and a high concent ra t ion  of r a d i c a l s  was 

deketed i n  the  system by e l e c t r o n  pa ramagne t i c  resonance s t u d i e s .  The 

polymerizat ion may be considered t o  take  p lace  through the  intermediary 

of charge- t ransfer  complexes formed between the  r e a c t a n t s  followed by 

rearrangement of t he  complex t o  k b  b i r a d i c a l  and f a s t  propagation t o  
a 

copolymer by b i r a d i c a l  coupling: 

- .  +so2 - 
i 0 

r I 

c h a r g e  t r a l z s f o r  
complex 

Living polymers would be the  expected r e s u l t  according t o  t h i s  mechanism, 

and t h i s  was subs t an t i a t ed  experimentally by the  formation of a block 
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copolymer e n  a d d i t i o n  of a t h i r d  monomer such a s  e t h y l  a c r y l a t e  i n  the  

l i v i n g  poly sulfone sys  t e m  . 
With N-vinyl carbazole  a s  the  monomer, Solomon e t ,a1 .93  observed 

t h a t  the  polymer obtained i n  l i q u i d  s u l f u r  dioxide a t  -15 '~  i n  the  

absence of a c a t a l y s t  was a homopolymer of t h e  carbazole ,  i r r e s p e c t i v e  

of conversion. Although the  exac t  mechanism of polymerization i s  not 

c l e a r ,  i t  i s  bel ieved t h a t  the  prolymerizat ion r e a c t i o n  took p lace  by 

an  i o n i c  mechanism. F r a ~ e r ' ~ ~  repor ted  a case of r a d i c a l  terpolymeriza- 

t i o n  of an & - o l e f i n ,  s u l f u r  dioxide and carbon monoxide under high 

pressures  (1000-3000 atmospheres) and a t  temperatures above the  c e i l i n g  

temperature of the  p a r t i c u l a r  4 -o le f in - su l fu r  dioxide system. 

Matsuda and coworkers 124J125 s tudied  t h e  polymerization of methyl 

methcrylate  , s tyrene  and methyl v i n y l  pyr id ine  i n i t i a t e d  by charge- 

t r a n s f e r  complexes of s u l f u r  dioxide and r y r i d i n e  or pyr id ine  der iva-  

t i v e s  i n  l i q u i d  s u l f u r  dioxide i n  the presence of an  organic  ha l ide  

such as carbon t e t r a c h l o r i d e .  No i n i t i a t i o n  w a s  observed i n  the  absence 

of the  charge- t ransfer  complex o r  of carbon t e t r a c h l o r i d e .  I n h i b i t i o n  

of polymerization was observed i n  the presence of hydroquinone f o r  

s ty rene  o r  methyl v i n y l  pyr id ine  but  no t  €or  methyl methacrylate .  

the  polymerization of methyl methacrylate ,  t h e  o v e r a l l  r a t e  w a s  found 

t o  be propor t iona l  t o  the  square root  of the  concent ra t ion  of the  s u l f u r -  

dioxide - pyr id ine  camplex and t o  the 1.5 power of t h e  monomer concen- 

t r a t i o n ,  Based on the  polymerization k i n e t i c s  i t  w a s  suggested t h a t  a 

primary r a d i c a l  was produced from the  reduct ion  of carbon t e t r a c h l o r i d e  

For 
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1 2 3  by  a n  a s s o c i a t e d  s u l f u r  d i o p i i d e  - p y r i d i n e  - monomer complex  . 
, b a s e d  on  t h e i r  o b s e r v a t i o n  1 2 6  L a t e r  B a h f o r d  e t . a l .  

o n  h a l i d e  d e p e n d e n c e  o f  p o l y m e r  y i e l d  i n  t h e  a b o v e  s y s t e m ,  

f o u n d  i t  n e c e s s a r y  t o  p o s t u l a t e  t h a t  f r e e  s u l f u r  d io%i .de  ( n o t  

complexed  w i t h  p y r i d i n e )  w a s  a n  i m p o r t a n t  component  o f  t h e  

i n i t i a t i n g  s y s t e m  a t  a l l  h a l i d e  c o n c e n t r a t i o n s .  O b s e r v a t i o n  

o f  a r a t e - e n h a n c i n g  e f f e c t  o f  d i m e t h p  formarnide  i n d i c a t e d  

t h a t  p o l a r  s p e c i e s  w e r e  fo rmed  a s  i n t e r m e d i a t e s  d u r i n g  p o l y -  

m e r i z a t i o n .  The  i n i t i a t i o n  mechan i sm s u g g e s t e d  by  M a t s u d s  

and  H i r a y a n a  123 more  o r  l e s s  c o n f o r m s  t o  t h e  e x p e r i m e n t a l  

o b s e r v a t i o n s .  

r e p o r t e d  t h e  u s e  o f  s u l f u r  1 2 7 , 1 2 8  Ghosh a n d  O ' D r i s c o l l  

d i o x i d e  i n  c a t a l y t i c  c o n c e n t r a t i o n s  (10-4-10-1 m / l )  a s  a n  

i n i t i a t o r  o f  v i n y l  p o l y m e r i z a t i o n .  P o l y m e r i z a t i o n  o f  m e t h y l  

m e t h a c r y l a t e ,  e t h y l  m e t h a c r y l a t e ,  n - b u t y l  m e t h a c r y l a t e  and  

s t y r e n e  w a s  e f f e c t e d  s l o w l y  a t  o r  n e a r  room t e m p e r a t u r e  

w h i &  o t h e r  monomersl s u c h  a s  v i n y l  a c e t a t e ,  a c r y l o n i t r i l e ,  

a n d  a l k y l  e s t e r s  o f  a c r y l i c  a c i d , c o u l d  n o t  b e  p o l y m e r i z e d  

u n d e r  s i m i l a r  c o n d i t i o n s .  The  p o l y m e r i z a t i o n  r a t e  f o r  

m e t h y l  m e t h a c r y l a t e  w a s  f o u n d  t o  p a s s  t h r o u g h  a maximum when 

p l o t t e d  a g a i n s t  s u l f u r  d i o x i d e  C o n c e n t r a t i o n .  E m p l o y i n g  a 

t r a c e r  t e c h n i q u e , a b o u t  0-2 s u l f u r  a t o m s  p e r  c h a i n  w a s  de -  

t e c t e d  i n  t he  p o l y m e r s  when t h e  c o n c e n t r a t i o n  o f  t h e  i n i t i a t o r  

s u l f u r  d i o x i d e  w a s  l e s s  t h e n  10 -2m/ l ,  t h e  m o l e c u l a r  w e i g h t s  
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6 of the polymers having been in the range of C3-12)xlO . 
At much higher sulfur dioside concentration, higher in- 

corporation of sulfur dioxide in the polymer, probably by 

way of copolymerization in part, was obtained . 128 

A hydroperoxide, such as t-butyl hydroperoziide greatly 

accelerates the sulfur dioxide-activated polymerization of 

methyl methcrylate and other vinyl monomers. Diphenyl picryl 

hydrazyl and hydroquinone do not inhibit the hydroperoxide- 

sulfur dioxide-initiated polymerization of methyl methacry- 

late. End-group. analysis indicates that the initiation of 

polymerization is brought about by sulfonate and hydroxyl 

radicals. Inert solvents such as benzene and toluene enhance 

the rate-of polymerization of methyl methacrylate but not of 
129 other monomers, as observed by Ghosh and Billnieyer . An 

initiation mechanism involving the initiators, monomer and 

solvent appears predominent in the case of methyl methacry- 

late while with other monomers, an initiation mechanism 

involving only the initiators and monomer is predominent. 

A prelfminary study of the graft copolymerization of 

methyl methacrylate on 1,4 cispolyisoprene has been made by 

the author fn this laboratory and the results axe given in 

Table 11. It is seen that the formation of graft copolymer 

is largely dependent on both sulfur diopcide and polyisoprene 



c o n c e n t r a t i o n .  Compar ing  t h e  g r a f t i n g  e f f i c i e n c i e s  E a n d  
P 

E ( i . e . ,  g r a f t i n g  e f f i c i e n c i e s  b a s e d  on  t o t a l  p o l y i s o p r e n e  

p r e s e n t  a n d  t o t a l  p o l y  ( m e t h y l  m e t h a c r y l a t e )  f o r m e d  r e s p e c -  

t i v e l y )  i t  i s  a p p a r e n t  t h a t  h i g h e r  d e g r e e s  o f  g r a f t i n g  a r e  

m 

f a v o r e d  a t  l o w e r  c o n c e n t r a t i o n s  o f  p o l y i s o p r e n e  a n d  h i g h e r  

c o n c e n t r a t i o n s  of  s u l f u r  d i o p i d e  i n  t h e  s y s t e m .  The  g r a f t -  

i n g  e f f i c i e n c i e s  w e r e  d e t e r m i n e d  by  f o l l o w i n g  t he  a n a l y t i c a l  

p r o c e d u r e  d e s c r i b e d  b y  Ghosh and  SenGupta13'. The  mechan i sm 

o f  g r a f t  f o r m a t i o n  a p p a r e n t l y  i n v o l v e s  c h a r g e - t r a n s f e r - c o m p l e x  

f o r m a t i o n  b e t w e e n  s u l f u r  d i o p i d e  a n d  t h e  p o l y i s o p r e n e  u n s a t -  

u r a t i o n  (as  e v i d e n c e d  by  t h e  d e v e l o p m e n t  of  a l i g h t - y e l l o w  

color i n  t h e  s y s t e m  when f r o z e n  i n  l i q u i d  n i t r o g e n ,  W h i l e  

n o  c o l o r  f o r m a t i o n  i s  o b s e r v e d  when p o l y i s o p r e n e  i s  a b s e n t  

f r o m  t h e  s y s t e m ) .  R a d i c a l  s i t e s  on  p o l y i s o p r e n e  c h a i n s  

d e r i v e d  f r o m  t h e  r e a r r a n g e m e n t  of t h e  c h a r g e - t r a n s f e r  com- 

p l e x e s  s e r v e  a s  c e n t e r s  for t h e . i n i t i a t i o n  o f  g r a f t  c o p o l y -  

m e r i z a t i o n .  

An i n t e r e s t i n g  case  o f  " d e c o m p o s i t i o n  p o l y m e r i z a t i o n "  

o f  a c y c l i c  s u l f o n e  has b e e n  r e p o r t e d  r e c e n t l y  by  M i n o u r a  a n d  

Xakajimal3'  a n d  G o e t h a l s L 3 ' .  I t  i s  known t h a t  t he  r e a c t i o n  

b e t w e e n  s u l f u r  d i o x i d e  a n d  b u t a d i e n e  p r o d u c e s  a c y c l i c  c r y s t -  

aFJine a d d u c t  i n  a d d i t i o n  t o  a l i n e a r  amoxphous p o l y s u l f o n e :  

11% 
b u t a d i o n e n e  s u l f o n e  

8 9 %  



Table I1 

S u l f u r  dionide-initiated graft copolymerization of 

methyl methacrylate and 1 . 4  cispolyisoprene 

0 Temperature: 30 e ,  benzene: 10 ml. 

methyl methacrylate (MMA) :3 ml. 

C Cis polyiso- Total Free polyiso- %GrafthLgfc- 
Expt prene 
No. gm 

so2 Time PMMA formed prene in pro- i~gfficiency 

Em m/l hr. gm duct gm E 
P 

1 0.3160 0.023 160 nil 0.3154 ---- --- 
2 0.3032 0.230 9 4  0 .0387  0.2S70 

3 0.3122 0.023 9 4  nil 0.3120 

4 .  0.1085 0.230 160 0.2735 0 . 0 8 0 4  

5 0.1085 0.023 160 0 . 2 1 6 9  0.0866 

6 None 0.023 160 0.0214 --- 

9 . 1  7 6 . 7  

--- --- 

2 5 . 9  9 2 . 6  

2 0 . 2  9 7 . 6  
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The cyclic product, butadiene sulfone, is found to polymerize 

only radically above 80 c ,  the radical initiators used being 

azobisisobutyronitrile and trialkyl boxon.. Polymerization at 

80-140°c yields rubberlike polymers, insoluble in organic s o l -  

0 

vents. The polymer composition (butadiene to sulfur diopide 

ratio) is independent of monomer and initiator concentrations 

and reaction time, but dependent on temperature, giving lower 

percentages of sulfur in the polymer at.higher temperatures. 

It is known that butadiene and sulfur diogide are formed by the 

thermal decomposition of butadiene sulfone133. A suitable 

mechanism for the polymerization of butadiene sulfone at high 

temperature in the presence of radical initiators,there+ore, 

appears to be the formation of butadiene and sulfur dioxide by 

its thermal decomposition and subsequent radical copolymeri- 

zation of the decomposition products. The mechanism is thus 

a "decomposition polymerization" as apposed to a "ring-opening 

polymerization". 

Recently Schaefer et.al. have reported copolymeri- 

zation of propylene oxide and sulfur diogide using a variety 

of catalysts such as Snclq, Et2Zn and Sbcl5 at about 55-60°c 

to form a new type of copolymer, the poly (sulfite ether), 

The monomer distributions in low-con- L- N W R  
6- 6-CH ( C H 3  ) CH2-0 € ?  

version copolymers have been determined from,analysis and gas- 

liquid partition chromatography of the glycol ethers resulting 
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f r o m  t h e  h y d r o l y s i s  o f  t h e  c o p o l y m e r s .  H y d r o l y s i s  e x p e r i m e n t s  

i n d i c a t e  t h a t  t h e  p r i m a r y  s t r u c t u r e  o f  t h e  l i n k s  b e t w e e n  t h e  

two monomer s e g m e n t s  c o n s i s t s  o f  s u l f i t e  l i n k a g e s  fO-!!!-6+. 
0 

The monomer d i s t r i b u t i o n  d e p e n d s  o n  t h e  p a r t i c u l a r  c a t a l y s t  

employed .  P o l y m e r s  p r e p a r e d  w i t h  Snc l t+  or S b c l s  a s  t h e  c a t a -  

l y s t  show l o n g - r a n g e  o r d e r  o v e r  r u n s  o f  p r o p y l e n e  o x i d e  a s  

l o n g  as  t w e l v e ,  a n d  show a s t r o r i g  n o n - M a r k o f f i a n  d e p e n d e n c e  

o n  c h a r g e  r a t i o ,  i . e .  t h e  r a t i o  o f  t h e  two monomers p r e s e n t .  

The  c a t a l y s t  E t 2 Z n  p r o d u c e s  a monomer d i s t r i b u t i o n  h a v i n g  n o  

l o n g - r a n g e  o r d e r  a n d  h a v i n g  weak M a r k o f f i a n  d e p e n d e n c e  on 

13 4 c h a r g e  r a t i o  . 
_I A f e w  o t h e r  n o v e l  p o l y m e r s  b e a r i n g  s u l f o n y  g r o u p s  i n  

t h e  r e p e a t i n g  u n i t s .  

D i e f  e n b a c h  a n d  c o w o r k e r s  r e c e n t l y  ’ r e p o r t e d  m e t h o d s  o f  

p r e p a r a t i o n  and  p o l y m e r i z a t i o n  of two S - v i n y l  s u l f o n y l  y l i d s  , 

dimethylsulfoniophenylsulfonyl C v i n y l s u l f o n y l )  m e t h a n i d e  ( A )  

a n d  triphenylphosphoniophenyl s u l f o n y l  C v i n y l  s u l f o n y l )  m e t h a -  

n i d e  (3): 

(31 w a s  r e a d f l y  p o l y a e r 2 z e d  i n  d i o x a n e  a n d  d i m e t h y l  f o r m a m i d e  

s o l u t r o n s  a n d  hot l i  CAI ana CB) w e r e  c o p o l y m e r i z e d  w i t h  s t y r e n e  
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in dienethyl formantide solution using azobisisobutyronitrile 

as the initiator. The structure of the homopolymer of ( A )  

may be represented as: 

Goethals 13‘ studied the polymerization of alkyl vinyl 

sulfonate, CH~=CH-SOSO-CH$ZH=CH~ , and observed that this 
briunsaturated compound presents an interesting case where 

the two double bonds have significantly different reactivities. 

Linear s o l u b l e  polymers were obtained by solution polymeri- 

zation with a radical initiator, but polymerization in the 

absence of solvents resulted in insoluble polymers. This 

solubility characteristic of the polymers obtained under var- 

ious conditions and the determination of their olefenic unsat- 

uration indicated that poly (alkyl vinyl sulfonate) contains 

a significant amount of six-membered sultone rings: 



The mechanism of sultone ring formation involves alternating 

inframolecular-intermolecular chain propagation as shown above. 

Polymerization of some fluorothiocarbonyl compounds 

Addition polymerization of some interesting non-vinyl 

sulfur compounds (fluorinated) has recently been described by 

Sharkey viz., the polymerization of thiocarbonyl fluoride 137 

C F 2 = S  and other fluorothiocarbonyl compounds. Thiocarbonyl 

fluoride undergoes polymerization readily at low temperatures . 
The addition of a trace of  a very mild base, e.g. dimethyl 

formamide, to a solution of C F 2 = S  in dry ether at -78  c starts.'. 

13 8 

0 

a fast reaction giving rise to polymers of very high degree of 

polymerization. The structure o f  the polymer is believed to 

be C F 3 - 5 f C P z S 3  CF=$ .  The polymer is a highly resilient elast- 

omer in the amorphous form, but suffers the disadvantage of 

slow crystallization at temperatures below 35 c, while above 

175Oc it depolymerizes. Fluorothioacyl fluorides, such as 

CP3-C??=Sj ,  C l G ' F 2 * C F = S  and H C P C L * C P = Q  also qndergo anionic poly- 

17 

0 

merization to giwe elastomeric products - Hexa.fluoro thioacetone 
c 
fb 

CT3- C - C F 3  polymerizes at -110'~ to give a white elastomeric 

product that gradually depolymerizes at room tenpgxatuxe to 

regenerate the monomer. Interestingly, the thiocarhonylfluoride, 

p,2 2 6  is f o m d  to be susceptible to €ree radical polymerization 

at very l o w  ternperatu~esl~~. A redox system of trialkyl boron 



4.6 . 

0 a n d  oxygen  h a s  b e e n  u s e d  a t  -78  c t o  g i v e  h i g h  p o l y m e r s  o f  

i n  bulk o r  i n  s o l u t i o n .  The r a d i c a l - g e n e r a t i o n  s t e p  CF2=& 

f o r  t h i s  r e d o x  s y s t e m  i s  d e s c r i b e d  as follows: 
2 R 3  B 

R 3 B  + 0 2 + R 2 B O O R  --ssS RzBOBR;  + RJBOR 4- ZR’; 

A v a r i e t y  of  c o p o l y m e r s  of v i n y l  compounds and  CF2=6 may b e  

p r e p a r e d  by u s i n g  t h i s  i n i t i a t o r  s y s t e m .  
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